Development of novel membranes with optimal performance, selectivity, and stability is a key research area in membrane technology. In the present work aromatic polyamidoimideurea (PAIU) is synthesized and tested as promising membrane material for separation of water and alcohol mixtures. The PAIU membrane structure, density, and transport properties are studied. Mass transfer of water and isopropanol through the membrane is estimated by sorption and pervaporation tests to determine equilibrium sorption degree, diffusion coefficients, flux through the membrane, and separation factor. Two techniques of sorption study from liquid and from vapor phases are used as novel approach to experimental study of mass transfer. The vapor sorption calorimetry permits to analyze the behavior of the polymer material in sorption process. In pervaporation of water-isopropanol mixture, almost pure water mainly permeates through PAIU membrane. To improve the performance, a double layer membrane containing a thin PAIU layer on the surface of porous poly(phenylene oxide) support is developed. The double layer membrane is extremely effective in dehydration of isopropanol.
Results
Physical properties of PAIU film were determined. The value of water contact angle equal to 78.6° ± 0.1° shows that the surface of the PAIU film is wetted. The PAIU film exhibits the density equal to 1.359 ± 0.006 g/cm 3 that is typical for polymers of heteroaromatic structure.
Thermal stability and glass transition temperature of PAIU film were characterized by TGA and DSC ( Fig. 1b  and c ). The polymer under study is thermally stable and its degradation begins over 350 °C. The first range of weight loss from 250 °С to 320 °С reflects the removal of residual solvent NMP and the destruction of the amide groups of the polymer chains. The total weight loss above 46.3 wt% is observed at 680 °C. Fig. 1b shows DSC data; the second heating cycle of DSC was used to determine glass transition temperature. T g of PAIU is equal to 243 ± 2 °C.
Transport properties of PAIU films were estimated for the mass transfer of water and isopropanol mixture. Sorption degrees of water and isopropanol and diffusion coefficients of the penetrants were determined in sorption tests, whereas the PAIU membrane performance and separation factor were determined in pervaporation.
Sorption Study. The series of sorption and desorption tests were made to estimate sorption and diffusion parameters of water and isopropanol in PAIU film. Sorption tests were performed by immersing the samples into individual pure liquids. Desorption tests were carried out at isothermal and isobaric conditions. It was found that the PAIU film exhibits better sorption of water as compared to isopropanol. Presence of amide and urea functional groups in the PAIU backbone facilitates sorption of water molecules by hydrogen-bonding. Figure 2 shows kinetic curves of the water sorption and desorption. The value of the isopropanol sorption in the membrane was small, which did not allow plotting the sorption/desorption curves and determining the diffusion coefficient of isopropanol.
The diffusion coefficient of water in the film was estimated based on the Fick's second law. The kinetic curves of the desorption (Fig. 2 ) was employed to calculate the diffusion coefficient, where M t is the amount of desorbed substance per time t. The linear part on the desorption curve corresponds to the system obeying the second Fick's law and enables to calculate the effective diffusion coefficients of liquids. The last parameter characterizes the penetration rate of the liquid molecules and influences on the separation efficiency of the membrane in the pervaporation.
The kinetic of sorption and desorption processes of PAIU membrane and the linear part on the curve for diffusion coefficient calculation are demonstrated on Fig. 2 .
Calculated sorption and diffusion parameters are presented in Table 1 . The sorption degree of water significantly exceeds the same parameter of isopropanol. The diffusion ability of water is also much higher as against isopropanol due to difference in molecular size of water and alcohol. This fact determines the perspective use of the PAIU membrane in alcohol dehydration by pervaporation.
The interaction between the polymer and water was studied in details by vapor sorption calorimetry at 25 °C. The water sorption isotherm of PAIU is presented on Fig. 3a . The sorption isotherm has a sigmoidal shape with a point of inflection. At lower water activity (up to 4 wt% of water) the isotherm is concave towards the y-axis and at higher activity the isotherm has the opposite trend. The partial molar Gibbs energy µ w m , enthalpy H w m and entropy S w m of mixing of water in PAIU were measured simultaneously with the sorption isotherm and are presented in Fig. 3b .
The results of sorption calorimetric experiments (sorption isotherm of water and calculated partial molar Gibbs energy, enthalpy and entropy of water mixing for PAIU film) are presented on Fig. 3 .
At low water contents, the partial enthalpy of mixing of water with the sample is about −12 ± 0.1 kJ per mole of water (exothermic effect). This shows that at low water contents the film is in the glassy state. The exothermic heat effect arises from the loss of mobility of water during transport from liquid water to the solid glassy matrix of the polymer, where water molecules lose some degrees of freedom. This behavior was observed before in various systems that are able to form a glassy amorphous state [31] [32] [33] .
At higher water contents, the hydration enthalpy became endothermic. It is known that the values of enthalpy of mixing indicate the character of the polymer-penetrant interaction related to the structural features of polymer. The polymer chains become more flexible due to the fact that water acts as a plasticizer and at gradual transition to the elastic state occurs. For the PAIU film the isothermal glass transition is observed at water content of about 4 wt% at 25 °C.
Pervaporation using PAIU membrane. The performance of PAIU membrane in the separation of a water-isopropanol mixture was studied in a wide range of feed compositions. Figure 4a shows the dependence of the separation factor and the total flux on the water concentration in feed. The PAIU membrane is mainly permeated by water and it exhibits high values of separation factor α water/IPA especially in the range of small water concentration in the feed. The fact that sorption and diffusion properties of water are greater than that of isopropanol provides high selectivity of PAIU in separation of water-isopropanol mixture.
Data of pervaporation performance (separation factor and total flux) of PAIU membrane and concentration profile of water at the membrane surface as preferably permeate component of feed mixture are shown on Fig. 4 .
The total flux through PAIU membrane increases with the rise of water concentration in feed. The value of total flux is corresponding to a moderate value of fluxes for polymers of heteroaromatic structure.
The sorption isotherm of water ( Fig. 3a ) was used for determination of the bulk concentration profile at the membrane surface (C i f 0 ). The water activities in feed mixtures under study (10, 20, 30 and 50 wt% of water) were calculated using vapor-liquid equilibrium data of water-isopropanol system. Then, from the water activity, using the sorption isotherm, the concentration of water in the membrane was obtained ( Table 2 ). The concentration profile through the PAIU membrane is shown on Fig. 4b .
To understand the mechanism of molecular transport in pervaporation over time, Fick's first law was employed. The diffusion ability of the preferably permeating component (water) was estimated by the calculation of the diffusion coefficients D i based on Equation (1):
where J is the flux per unit area (g/m 2 min), D i is the diffusion coefficient (m 2 /min), C i f 0 is the bulk concentration at the membrane surface of component i on the feed side (g/m 3 ), l is membrane thickness, m. Value of C il p is neglected due to the concentration of the component i on the surfaces on the permeate side is zero. The results are presented in Table 2 .
To improve the performance of isopropanol dehydration in pervaporation, double layer membranes composed of PAIU thin selective layer on a surface of porous PPO film was developed. A porous PPO film was chosen as a support because it has been successfully used for the production of composite membranes with a selective layer that consists of polymers with heteroaromatic structure [34] [35] [36] . The morphology of the PAIU/PPO membrane was investigated by SEM. Figure 5a shows the micrographs of cross-section of two type membranes based on PAIU.
Characterization of double layer PAIU/PPO membrane: structure characterization by SEM and the effectiveness of PAIU/PPO in pervaporation separation are presented on Fig. 5 .
PAIU membrane has a dense homogeneous cross-section with small elements of supramolecular structure. The micrograph of the PAIU/PPO demonstrates the uniform structure of the dense PAIU top layer (on the right) and a part of the porous PPO support exhibited a spongy structure. Figure 5a demonstrates the defect-free PAIU top layer with thickness approximately equal to 4-5 μm.
The performance of PAIU/PPO membrane was studied in pervaporation of a water-isopropanol mixture in a wide range of the feed composition including the azeotropic point. Figure 5b and c were plotted to compare transport properties of two type membranes in pervaporation of four feed composition. Figure 5b demonstrates high values of separation factor for PAIU/PPO membrane that are similar to that of PAIU membrane. Figure 5c shows the significant rise of the total flux in the case of PAIU/PPO membrane. For each feed composition the total flux through PAIU/PPO membrane is more than an order of magnitude greater than the flux through PAIU membrane of 20 μm thickness.
Comparison of transport properties of the present membranes with literature data. The transport properties of PAIU membrane developed in this work were compared with literature data for the case of pervaporation separation of the isopropanol-water mixture in composition closed to azeotropic point. Table 3 lists data on operating temperature and feed concentration as well as membrane characteristics in pervaporation: separation factor and total flux that have been obtained for different polymer membranes in a number of Scientific RepoRts | 7: 8415 | DOI:10.1038/s41598-017-08420-0 published works 8, 9, [37] [38] [39] [40] [41] . The value of the separation factor of the PAIU membrane exceeds that of many previously published reports.
Discussion
Physico chemica l and t ransp or t prop er t ies of p oly(4,4′ -diamino dipheny lcarb amide)-4, 4′-dicarboxydiphenylmethane in the form of PAIU membranes were studied. Combination of imide, amide, and urea groups in the backbone influences PAIU physicochemical and transport properties. The measured value of water contact angle indicates the hydrophilic nature of the surface of PAIU membrane. Mass transfer of water and isopropanol through PAIU membrane was studied by sorption and pervaporation tests to determine main transport parameters: sorption degree, diffusion coefficients, flux through the membrane and separation factor. Table 2 . The bulk water concentration at the surface diffusion coefficients of water in pervaporation for PAIU membrane.
In pervaporation of water-isopropanol mixture, the PAIU membrane is mainly permeated by water and possesses high separation factor towards water in a wide range of feed composition.
Novel approach was proposed for mass transfer study which consists in using two techniques of sorption: from liquid and from vapor phases. The additional technique of vapor sorption calorimetry permits to analyze the behavior of the polymer material in sorption process. Sorption isotherms were obtained and used to model the water concentration profile through the membrane. The developed algorithm based on Fick's first law can be regarded as alternative method for calculating diffusion coefficients in the membrane. The PAIU membrane has higher sorption affinity and diffusion ability of water in comparison with isopropanol. Thus the transport properties of membrane mainly determine the water permeability through the membrane. At low water concentration in the feed the water concentration at the membrane surface is even lower and increases with the increase of water concentration in separating mixture (Fig. 4b ). The same trend is observed for the calculating diffusion coefficient of water ( Table 2 ). The increase of the permeation coefficient of water promotes the rise of flux through the membrane at the separation of mixtures with high water concentration (Fig. 4a ). It should be mentioned that the values of diffusion coefficients calculating based on Fick's first law (the Equation 1 and Table 1 ) are in agreement with the value of the diffusion coefficient estimated based on Fick's second law using sorption/desorption experiments for pure water (1 · 10 −11 m 2 /min).
The double layer composite membrane consisting of PAIU selective top layer on porous PPO film support also exhibits high selectivity in pervaporation of water-isopropanol mixture. The flux through the PAIU/PPO membrane is a few times greater as compared to the PAIU membrane in the process of the dehydration of an aqueous solution of isopropanol for all feed compositions.
Methods
Materials. N-methylpyrrolidone (NMP), propylene oxide, methanol, and isopropanol of chemically pure (CP) grade were purchased from Vekton (Russia) and were used without further purification. 4,4′-diaminodiphenylurea was were synthesized as described in 42 . N,N′-diphenylmethane-bis-(trimellitimido)acid was synthesized as described in ref. 43.
Polymer synthesis. Poly (4,4 / -diaminodiphenylcarbamide)-4,4 / -N,N′-diphenylmethane-bis-(trimellitimido) carboxylate (polyamidoimideurea, PAIU) was synthesized by low temperature polycondensation (Fig. 1 ). 4,4 / -diaminodiphenylurea (0.001 mol) and NMP (8 mL) were placed in a three-neck round bottom flask with a stirrer and a thermometer. After dissolution the flask was cooled to −15 °С and then dichloroanhydride of N,N ′-diphenylmethane-bis(trimellitimido) acid (0.001 mol) was added. The stirring was continued for 1 h, after that the cooling bath was removed. Then 1-2 drops of propylene oxide were added and the stirring was continued at room temperature for 5 h. The obtained transparent polymer solution was filtered and used for membrane preparation.
Membrane Preparation. PAIU films (20-35 μm thickness) were prepared by casting of PAIU solution in NMP on glass plate followed by evaporation of solvent at 80 °С in air and drying to a constant weight at 80 °С in vacuum. Then dense nonporous PAIU films were subjected to a special treatment by immersing in methanol for 24 h followed by drying at 50 °С in vacuum to constant weight. PAIU/PPO double layer membranes were prepared by casting PAIU solution in NMP on the surface of porous poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) support that was obtained as described in refs 44, 45. PAIU/PPO films were dried at 80 °С in air and finally in vacuum.
Characterization procedures. Thermogravimetric analysis (TGA) was conducted using samples of ~10-14 mg. They were contained in a platinum crucible with a heating speed of 10 deg/min in a nitrogen atmosphere. The TG 209 F3 Iris thermo-microbalance (Netzsch) was used for the analysis.
The glass transition temperature (T g ) was determined using differential scanning calorimeter DSC 204 F1 (Netzsch, Germany). The analysis was conducted under inert atmosphere with samples of approximately 4-5 mg at a scan rate of 10 °C/min from −20 to 300 °C.
Membrane morphology was studied by scanning electron microscope SEM Zeiss SUPRA 55VP. Before the test the gold layer was coated on the sample surface by cathode sputtering using the Quorum 150 (Great Britain) installation.
Contact angles measurement. The wettability of the films by water was estimated by measuring the contact angle of water on the film surfaces by sessile drop method on the Drop Shape Analyzer DSA 10 (KRÜSS, Germany) under atmospheric pressure and temperature 20 °C. Water was used as test liquid (the surface tension is 72.4 mN/m). Table 3 . Comparison of transport properties of membranes in pervaporation of isopropanol-water mixture.
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Density Determination. The membrane density was estimated by the flotation method with a laboratory made measurement unit 46 . The mixture of toluene and carbon tetrachloride was used to equilibrate the specimens at 20 °C.
Sorption Experiments. Sorption of water or isopropanol from liquid phase was tested in the following way. Samples of PAIU film were completely immersed in a bottle containing the solvent under study. The bottle was placed inside a thermostat at a constant temperature of 20 °C. After defined time intervals, the samples were blotted using filter papers to electronic balance (Shinko HTR-220CE) with an accuracy ±0.0001 g. Then the samples were placed back in the same solvent. The experiment was continued until the maximum value of sorption (equilibrium sorption) was reached. After completion of sorption experiments, the solvent desorption was carried out by exposing the samples in the air atmosphere of the desiccator containing zeolites. The weight changes as a function of time were measured. Finally, a sorption curve that shows an uptake of a solvent versus square root of time was plotted and analyzed to determine the diffusion parameters of the PAIU film.
The equilibrium sorption degree (S) was calculated by equation
where m s is the weight of a film sample in sorption equilibrium state and m d is the weight of a dry sample. The sorption and desorption of a solvent in glassy polymer films is affected by the solvent-polymer interaction and its kinetics can be divided into two parts: Fickian sorption and further sorption contributed by the relaxation of the polymer matrix. The sorption kinetics conforming to the criteria required for Fickian type of sorption can be described by the following equation based on the Fick's second law where D is diffusion coefficient, l is the thickness of a dry polymer film, n is an integer number, M t is the weight gain at time t, and M ∞ is the equilibrium uptake. Accordingly the kinetic curves of desorption M t /M ∞ = f (t 1/2 /l) were plotted, where M t is the amount of sorbed/desorbed substance per time t, M ∞ is the equilibrium amount of substance that was determined as a difference between the weight of the swollen film and the weight of the film dried to constant weight, and l is the film thickness [47] [48] [49] .
The effective diffusion coefficient D was calculated by the equation
is tangent of the initial linear slope of the desorption kinetic curves when М t /М ∝ < 0.4. The water vapor sorption was studied by sorption calorimetry method 50, 51 . Sorption calorimetric experiments were conducted at 25 °C in a 28 mm two-chamber sorption calorimetric cell inserted in a double-twin microcalorimeter. The samples under study were previously dried in vacuum at room temperature. After that, they were placed in the upper chamber, and pure water was injected into the lower chamber. In a sorption experiment, water evaporates from the lower chamber, diffuses through the tube that connects the two chambers, and is sorbed by the sample in the upper chamber. It was selected a narrow tube and a relatively high sample mass. This combination provided a slow diffusion of vapor resulting in a hydration process close to equilibrium conditions. The thermal powers released in the two chambers were monitored simultaneously. The activity of water a w in the sorption experiments was calculated from the thermal power of vaporization of water in the lower chamber 50, 51 . The partial molar enthalpy of mixing of water H w m was calculated using the following equation
where P vap and P sorp are the thermal powers registered in the vaporization and sorption chambers, respectively, and H w vap is the molar enthalpy of evaporation of pure water. The partial molar Gibbs energy of mixing of water µ w m was obtained as µ = R a ln (7) w m w where a w is the water activity, R is the gas constant, T is the absolute temperature. The partial molar entropy of mixing of water (S w m ) was calculated using the following equation where X and Y are the weight fractions of water and isopropanol in the feed and permeate, respectively. The total flux through membrane (J) was determined as the amount of substance penetrated through the membrane area per time unit. To compare membranes with different thicknesses (l) varying from 20 to 35 µm, the value of normalized flux (J n ) was used. J n is the flux through membrane with 20 µm thickness calculated as
The flux was measured with absolute error of ±0.03-0.05 g · m −2 h −1 for PAIU membrane and ±0.05-0.1 g · m −2 h −1 for PAIU/PPO membrane.
Membrane efficiency was estimated through the pervaporation separation index (PSI) that was calculated by equation:
n Water IPA Mass transport of a binary liquid mixture through a non-porous polymeric membrane is generally described by the solution-diffusion mechanism, which occurs in three steps: sorption, diffusion, and evaporation. Thus, the selectivity and flux are governed by the solubility and diffusivity of each component of the feed mixture to be separated. In pervaporation process, because of establishing the fast equilibrium distribution between the bulk feed and the upstream surface of a membrane, diffusion becomes the limiting step that controls the migration of penetrants 53, 54 . Thus it is important to estimate the diffusion (D i ) of the penetrating molecules in PV to understand the mechanism of molecular transport.
The transport of penetrants inside the membrane can be described with the Fick's first law:
where J i is the diffusion flux, D i is the diffusion coefficient, C i m is the concentration inside the membrane, μ i is the chemical potential, a i is the thermodynamic activity, x is the position, R is the universal gas constant and T is the absolute temperature 55 .
The driving force for diffusion over a membrane is the gradient of the thermodynamic activity of the solute over the membrane, while effects within the membrane are largely reflected by the diffusion coefficient. Equation 12 is the form of Fick's first law where the driving force of the process (da i /dx) is separated from other effects within the membrane (D C i i m ).
In the case of one-dimensional diffusion and assumption that the concentration profile along the diffusion length is linear, the diffusion coefficient of component i in pervaporation process D i can be calculated with the following equation
where J is the pervaporation flux of the component i, l is the membrane thickness, C i f 0 and C il p -are the bulk concentrations of the component i at the surfaces of the membrane (0 stands for the surface on the feed side and l -for the surface on the permeate side).
The diffusion coefficient in equation (12) is similar to the permeability -universal parameter that used to describe the permeation through gas separation membranes 56 = ⋅ − P J l p p (14) i i i i l 0 where J i is a flux of gas component i, and p i0 and p il are the partial pressures of component i on both sides of the membrane (0 stands for the surface on the feed side and l stands for the surface on the permeate side).
